Diphtheria toxin (DT) and pseudomonas toxin are two distinct microbial toxins which inhibit protein synthesis in an identical manner, i.e., by the inactivation of cytoplasmic elongation factor 2. Although murine cells bind both toxins, they are 10,000-fold less sensitive to DT than to pseudomonas toxin. This suggests that the level of resistance resides at some event after binding. We have previously shown that pseudomonas toxin enters mouse LM fibroblasts by receptor-mediated endocytosis, a process in which ligand is internalized via specialized clathrincoated pits and moves to the Golgi region and then to the lysosomes. Here, we visually follow the entry and trafficking of DT by resistant mouse fibroblasts. A biotinyl-toxin-avidin-gold system was used to visualize DT on the ultrastructural level. DT entered resistant cells through non-clathrin-coated regions of the plasma membrane and within 2.5 to 5 min was seen in lysosomes. Only rarely was DT seen in coated pits or in the Golgi region. Furthermore. the temperature dependence of internalization of '25I-labeled horseradish peroxidase and 1251_ labeled DT by LM cells was similar. On the basis of these observations, we postulate that DT does not enter DT-resistant LM cells by receptor-mediated endocytosis and that receptor-mediated endocytosis is required for efficient expression of toxicity.
Diphtheria toxin (DT) inhibits protein synthesis in mammalian cells by the ADP-ribosylation of elongation factor 2 thereby inactivating it.
Animals and cultured cells of most mammalian species, with the exception of mice and rats, exhibit a high level of sensitivity to DT (17) . Since all naturally occurring elongation factor 2 is susceptible to ADP-ribosylation by DT, it is assumed that cells owe their resistance to the lack of a functional receptor for the toxin or to defects in the entry process (15) . Heagy and Neville (9) reported that the DT-resistant mouse L-cell has a plasma membrane receptor of low affinity for the toxin; they propose that resistance is due to defects in internalization. Robbins et al. (19) have isolated a mutant of Chinese hamster ovary cells which is deficient in the uptake of several ligands including DT. Keen et al. (10) have shown that there are DT-specific receptors on resistant mouse cells, and these investigators suggest that DT entry in both sensitive and resistant cells is by receptor-mediated endocytosis. Recently, Didsbury et al. (4) suggested that LM cells have a defect in a step in the processing of toxin, subsequent to binding.
Receptor-mediated endocytosis has been implicated in the internalization of several peptide hormones, serum factors, viruses, and a bacterial toxin, pseudomonas exotoxin A (PE) (8, 16, 18, 21) . In general terms, this process involves the binding of ligand to specific receptors on the cell, clustering of ligand-receptor complex over specialized clathrin-coated regions of the membrane, internalization in endosomes, and movement of the ligand to the Golgi region and then to lysosomes (8, 18) . PE (6, 16) and DT (manuscript in preparation) enter sensitive mammalian cells by receptor-mediated endocytosis, and it is proposed that entry by this route is required for efficient expression of biological activity. Here we examine, on the ultrastructural level, the binding and internalization of DT by DT-resistant LM cells and propose that, in a resistant system, the majority of toxin enters through non-clathrin-coated regions of the membrane and is delivered directly to lysosomes, bypassing the Golgi region.
MATERIALS AND METHODS Toxin and markers. Diphtheria toxin was obtained from Connaught Medical Research Laboratories and was purified by the method of Collier and Kandel (3) . The final preparation ran as a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. PE was prepared by a modification (16) of the method of Leppla (12) . DT was iodinated by the method of Roth (20) to a specific activity of 9.6 x 106 cpm/p.g. Toxins were biotinated with biotin-N-hydroxysuccinimide ester and retained most of their biological activity (1, 16) . Horseradish peroxidase (HRP) (HRP-gold; 18 nm) used to monitor fluid phase pinocytosis (22) was labeled by the method of Geoghegan and Ackerman (7). Egg white avidin (E-Y Laboratories, San Mateo, Calif.) was succinoylated and adsorbed onto the surface of 5.2-nm gold as described previously (16 (4) . The data suggest that at least some DT was bound to specific DT-binding proteins.
The kinetics of DT-gold internalization from a representative experiment are presented in Fig.  1 . When LM monolayers were maintained in the cold, DT-gold was randomly distributed on the cell surface with 4 to 5% of the total sitings in coated areas. Upon warming monolayers to DT by LM cells was measured to determine whether it was similar to PE (probe for receptormediated endocytosis) or to HRP (probe for fluid-phase endocytosis). Internalization of 1'25I labeled DT (Fig. 3) was linear with time and showed no lag in uptake. Raising the incubation tmeperature gradually increased the rate of internalization over a range of 4 to 37°C without any break in uptake over the entire temperature range. From Arrenhius plots of the data (Fig. 3 . inset) an energy of activation (Ea) of 16.8 Kcal/ mol and a temperature coefficient (Q(,) of 3.52 were determined. DISCUSSION The resistance of mouse L-cells to DT has been attributed to an absence of high affinity toxin receptors (13. 17) or to defects in the internalization process (9. 10) . with the toxicity seen in the presence of high toxin concentrations occurring by a nonspecific uptake process (2. 14). Heagy and Neville (9) blocks entry via clathrin-coated pits and presumably directs toxin to lysosomes. bypassing the Golgi region (16) . Therefore in the presence of methylamine, the toxin-sensitive cell takes on the characteristics of a resistant cell.
The results presented here are in conflict with those of Keen et al. (10) resistant cell through non-clathrin-coated regions, moves very quickly to lysosomes, and presumably is degraded there. In a sensitive cell, toxin enters through clathrin-coated pits, moves first to the Golgi, and then moves to lysosomes (16) . It is suggested that this latter route, i.e., receptor-mediated endocytosis, is required for efficient expression of biological activity.
